A total of 218 actinobacteria strains were isolated from wild perennial liquorice plants Glycyrrhiza glabra L. and Glycyrrhiza. inflate BAT. Based on morphological characteristics, 45 and 32 strains from G. inflate and G. glabra, respectively, were selected for further analyses. According to 16S rRNA sequence analysis, most of the strains belonged to genus Streptomyces and a few strains represented the rare actinobacteria Micromonospora, Rhodococcus and Tsukamurella. A total of 39 strains from G. inflate and 27 strains from G. glabra showed antimicrobial activity against at least one indicator organism. The range of the antimicrobial activity of the strains isolated from G. glabra and G. inflate was similar. A total of 34 strains from G. inflate and 29 strains from G. glabra carried at least one of the genes encoding polyketide synthases, non-ribosomal peptide synthetase and FADH 2 -dependent halogenase. In the type II polyketide synthase KSa gene phylogenetic analysis, the strains were divided into two major clades: one included known spore pigment production-linked KSa sequences and other sequences were linked to the production of different types of aromatic polyketide antibiotics. Based on the antimicrobial range, the isolates that carried different KSa types were not separated from each other or from the isolates that did not carry KSa. The incongruent phylogenies of 16S rRNA and KSa genes indicated that the KSa genes were possibly horizontally transferred. In all, the liquorice plants were a rich source of biocontrol agents that may produce novel bioactive compounds. †These authors contributed equally to this work.
INTRODUCTION
Natural products from micro-organisms are the main source of new bioactive compounds that have applications in both medicine and agriculture (Newman & Cragg, 2007) . To discover novel bioactive compounds, micro-organisms from unique environments and untapped sources should be explored (Maldonado et al., 2009; Mesbah et al., 2007; Strobel et al., 2004) . Actinobacteria that produce a diverse range of secondary metabolites including various antibiotics are widely distributed in terrestrial and marine habitats (Jiang et al., 2007; Qin et al., 2009; Zhao et al., 2012) . Endophytes are microorganisms that live inside plant tissues by symbiotic, parasitic or mutualistic means without causing immediately overt negative effects (Stone et al., 2000) . Endophytes may participate in the metabolic pathways of plant hosts and produce analogous or novel bioactive compounds (Ezra et al., 2004; Stierle et al., 1993; Taechowisan et al., 2005) .
Antibiotic resistance does not imply antibiotic production. However, since the antibiotic-producing strains must be resistant to the compounds they produce, Thaker et al. (2013) applied antibiotic resistance in screening actinobacteria from soil, and they successfully isolated a strain producing a novel antibacterial glycopeptide. Many of the plant products applied in traditional medicine have antimicrobial properties. The medicinal plants may be considered as selective isolation media; evidently the endophytes must be resistant to the antimicrobial compounds inside the plant. Thus it is plausible that, among the endophytic strains, the frequency of strains producing antimicrobial compounds is higher than among randomly chosen strains.
Liquorice (Glycyrrhiza spp.) is one of the most ancient herbal medicines. The medicinal functions of liquorice include antiviral activities against HIV (Ito et al., 1988) and severe acute respiratory syndrome associated coronavirus (Cinatl et al., 2003) and anti-inflammatory and antimicrobial effects (Li et al., 2000) . The pharmaceutical properties are due to the triterpenoid saponins and flavonoids (Fukai et al., 2002; Kim et al., 2002) . It is probable that endophytes living in Glycyrrhiza spp. participate in the synthesis of compounds produced by the plants (Stierle et al., 1993; Strobel et al., 2004) . Therefore, it is reasonable to study the diversity of liquorice-associated actinobacteria as well as their potential in secondary metabolite biosynthesis.
Environmental factors affect species distribution and biological diversity, growth and metabolism (Sheil, 1999) . The Tarim Basin between the Tianshan and Kunlun mountains is located south of Xinjiang in Northwest China. The climate in Tarim is extremely dry, as the average rainfall is less than 50 mm per year. The area suffers from soil salinization, desertification and grass-land degradation. The liquorice species Glycyrrhiza glabra L. and G. inflate BAT. grow in the slightly alkaline and sandy soils of the Tarim Basin. The liquorice plants with medicinal use are also important in preventing soil erosion in Tarim. The aims of this study were to assess the diversity of culturable actinobacteria closely associated with the two liquorice species collected from Tarim and to evaluate the antimicrobial activity of the isolates. The bacteria referred to as endophytic are commonly isolated from surface sterilized plant material (Strobel & Daisy, 2003) . However, as some bacteria may survive sterilization, for example, in plant tissue crevices or inside biofilms, we refer to our isolates as bacteria closely associated with plants. Since the bioactive compounds in G. glabra and G. inflate are different (Asl & Hosseinzadeh, 2008; Kondo et al., 2007; Xie et al., 2010) , we hypothesized that the range of antimicrobial activity between isolates from the two liquorice species would be different.
METHODS
Sampling. Liquorice plants (G. glabra L. and G. inflate BAT.) were collected from Tarim in Xinjiang, China, in October 2012. The sampling site at an elevation of 1140 m at N 40 33¢50.1 † and E 80 19¢55.3 † is arid desert characterized by low rainfall and high evaporation. The soil in the sampling area was classified as sandy. The soil pH was 8.45, the organic matter content was 7.67 g kg À1 and soil salinity 35.8 g kg À1 . Three individual plants per species were dug out and bulk soil was removed by gentle shaking. The roots were kept in polypropylene bags and stored at 4 C. The plants were brought to the laboratory for isolation of actinobacteria within 48 h.
Isolation and identification of actinobacteria. The roots were washed thoroughly first, with running tap water and then by sonification for 10 min at 150 W to remove soil and organic matter. The samples were cut into three parts including the whole roots, stems and leaves, and sterilized as described . The surface-sterilized samples were aseptically ground into small pieces with pestle and mortar. Approximately 20 g of samples were plated onto selective isolation media and incubated for 1 month at 28 C. The following isolation media were used: G1: modified dulcitol-proline agar (dulcitol 1.5 g, proline 0.5 g, K 2 HPO 4 0.3 g, FeSO 4 Á7H 2 O 0.01 g, MnCl 2 Á4H 2 O 0.01 g, MgSO 4 Á7H 2 O 1.0 g, CaCl 2 Á2H 2 O 1.0 g, agar 15.0 g in 1 l distilled water); G2: histidine-raffinose agar; G3: low-nutrient mineral salts-agar (LNMS); and G4: type water yeast extract agar (TWYE) (Zhao et al., 2011) . All isolation media were supplemented with nalidixic acid and K 2 Cr 2 O 7 (50 µg ml À1 ) to inhibit the growth of non-actinobacteria. The isolates were stored on ISP 4 slope medium at 4 C.
The isolates were dereplicated by cultural and morphological characteristics, including morphology and colour of aerial mycelium, characteristics of colonies on the plate, spore mass colour, colour of diffusible pigments, and sporophore and spore chain morphology (Yan, 1992) . Visual observation using light microscopy (Olympus CX31, Olympus Corp., Japan) and Gram staining were also performed before representative isolates were chosen for further study. The representative isolates were deposited in the Sichuan Agricultural University Collection Center (Chengdu, Sichuan, China). The Mann-Whitney test and Kruskall-Wallis test with the Tukey post-hoc test for pair-wise and multiple comparisons, respectively, were done in R using the PMCMR package (R Core Development Team 2015).
Amplification and analysis of 16S rRNA and biosynthetic genes. Total genomic DNA was extracted and purified as described (Cui et al., 2001) . The 16S rRNA gene was amplified using universal primers 27F (5¢-CCGTCGACGAGCTCAGAGTTTGATCCTGGCTCAG-3¢) and 1523R (3¢-CCCGGGTACCAAGCTTAAGGAGGTGATCC-AGCCGCA-5¢) synthesized by GENEWIZ Biological Technology Co., Ltd (Suzhou, China) as described (Zhao et al., 2011) . The PCR products were purified by PCR purification spin columns (UNIQ-10, Sangon, Shanghai, China) and sequenced at GENEWIZ Biological Technology Co., Ltd.
Primers K1F (5¢-GTSCCSGTSCCRTGSSCYTCSAC-3¢) and M6R (5¢-GCSATGGAYCCSCARCARCGSVT-3¢) (Schirmer et al., 2005) , KSaF (5¢-TSGCSTGCTTGGAYGCSATC-3¢) and KSaR (5¢-TSGCSTGC-TTGGAYGCSATC-3¢) (Mets€ a-Ketel€ a et al., 1999), A3F (5¢-GCSTACSY-SATSTACACSTCSGG-3¢) and A7R (5¢-SASGTCVCCSGTSCGCTAS-3¢) (Ayuso-Sacido & Genilloud, 2005) , and B4F (5¢-TTCCCSCGSTAC-CASATCGGSGAG-3¢) and B7R (5¢-GSGGGATSWMCCAGWAC-CASCC-3¢) (Hornung et al., 2007) were employed to amplify polyketide synthase gene type I PKS, the KSa gene in the type II PKS polyketide synthase gene cluster, the non-ribosomal peptide synthetase gene (NRPS) and the FADH 2 -dependent halogenase gene, respectively. PCR amplification was carried out in 20 µl PCR reaction mixture consisting of 1Âbuffer with 1.5 mM Mg 2+ , 0.5 mM dNTP mixture, 1 µM of primers, 1 µl of template DNA, 1 U Taq polymerase and 1.25 µg µl À1 BSA.
The PCR amplification profile was as follows: initial denaturation for 5 min at 95 C, followed by 35 cycles of denaturation for 30 s at 95 C, annealing for 2 min at 55 C and extension for 4 min at 72 C for K1F/ M6R, or 1 min at 96 C, 2 min at 60 C, 90 s at 73 C for KSaF/KSaR, or 1 min at 95 C, 90 s at 59 C, 2 min at 72 C for A3F/A7R, or 1 min at 95 C, 1 min at 60 C, 2 min at 72 C for B4F/B7R, respectively, and a final extension step of 10 min at 72 C. PCR products were purified by electrophoresis in 1 % (wt/vol) agarose gel, recovered using a gel extraction kit (TaKaRa, China), and cloned to the pMD19-T vector (TaKaRa) using Escherichia coli DH5a as the host according to the manufacturer's instructions. Several clones were selected randomly to verify the presence of 'biosynthetic genes by PCR using universal primers M13-F and M13-R. The gene fragments were sequenced at GENEWIZ Biological Technology Co., Ltd. DNA sequences were compared with GenBank database (NCBI) using BlastN and BlastP programs. The gene sequences were aligned pairwise using ClustalX (Thompson et al., 1997) . Phylogenetic and molecular evolutionary analyses were done using MEGA 5.0 and bootstrap analyses with 1000 resamplings (Tamura et al., 2007) . (Zhao et al., 2011) . The antagonism was detected by formation of an inhibition zone in 3 days. Assays were done with three replicates. Based on the presence/absence of inhibition, Bray-Curtis distance between isolates that inhibited at least one indicator strain was calculated and nonmetric multidimensional scaling using the function metaMDS in the R-package vegan (Oksanen et al., 2015; R Core Development Team 2015) was applied to visualize grouping of the isolates from the two plants, carrying different types of PKSII KSa gene.
RESULTS
Isolation and identification of actinobacteria closely associated with Glycyrrhiza spp.
To study actinobacteria closely associated with the liquorice plants G. inflate and G. glabra, a total of 126 and 92 strains (P>0.05), respectively, were isolated using four types of media (Table S1 , available in the online Supplementary Material). More than half of the strains (63 and 56 isolates from G. inflate and G. glabra, respectively) were isolated from roots, approximately one-third of the strains (42 and 29 strains) were isolated from stems and less than one-fifth (21 and 7) from leaves (Table S1 ). The highest and lowest number of isolates were recovered using G4 and G1 media, respectively (P<0.05) (Table S1 ).
Based on microscopic and cultural characteristics, 45 and 32 representative strains isolated from G. inflate and G. glabra, respectively, were selected for 16S rRNA gene sequence analysis (Table S2 , Fig. S1 ). Most of the strains belonged to genus Streptomyces and showed 99-100 % similarity to the type strains of the corresponding species (Fig. 1 , Table S2 ). The Streptomyces species ranges isolated from G. inflate and G. glabra were different. Strains representing genera Micromonospora and Rhodococcus were isolated from both G.
inflate and G. glabra. One Tsukamurella strain was recovered from G. glabra (Fig. 1) .
Evaluation of the antimicrobial activities
A total of 39 out of 45 (86.7 %) strains isolated from G. inflate and 27 of 32 (84.4 %) strains isolated from G. glabra showed antimicrobial activity against at least one of the ten indicator organisms in the screening test (Tables 1 and 2 ). The isolates from G. inflate and G. glabra were not separated based on the antimicrobial range ( Fig. 2) . Among the rare actinobacteria, the Rhodococcus sp. strains SCAU5120 and SCAU5128, Micromonospora sp. SCAU5122 and Tsukamurella sp. SCAU5129 recovered from G. glabra showed antimicrobial activity ( Table 2) .
More than half of the strains isolated from G. inflate had an inhibitory effect on Curvularia lunata and Alternaria alternata, 46 % (21 strains) inhibited the growth of Mycogone perniciosa and Fusarium graminearum (Table 1) . Altogether 11 and 12 strains inhibited the growth of Staphylococcus aureus and E. coli, respectively. Three strains inhibited both S. aureus and E. coli. Streptomyces sp. SCAU5043 and SCAU5028 showed antimicrobial activity against all indicator organisms but S. aureus. In addition, Streptomyces sp. SCAU5004 and SCAU5012 showed broad and strong antimicrobial activity.
More than half of the strains isolated from G. glabra inhibited the growth of M. perniciosa and Rhizoctonia solani ( Table 2 ). The growth of S. aureus and E. coli was inhibited by 15 and 12 strains, respectively, out of which 11 inhibited both these indicator organisms. Streptomyces sp. SCAU5104 and SCAU5108 had an inhibitory effect on all the ten indicator organisms. The Rhodococcus pyridinovorans-like strain SCAU5120 showed broad antimicrobial activity by inhibiting the growth of seven indicator organisms, including both S. aureus and E. coli.
Analysis of biosynthetic genes
The biosynthetic potential of the 45 and 32 representative actinobacteria isolated from G. inflate and G. glabra, respectively, to produce antimicrobials were assessed by amplifying the genes encoding polyketide synthases (type I PKS and KSa in the type II PKS gene cluster), non-ribosomal peptide synthetase (NRPS) and FADH 2 -dependent halogenase. A total of 35 strains (78 %) isolated from G. inflate and 29 strains (91 %) isolated from G. glabra carried at least one of the genes (Tables 1 and 2) .
For strains isolated from G. inflate, the percentages of PCR amplification were 20.0 %, 66.7 %, 11.1 % and 6.7 % for type I PKS, type II PKS, NRPS and halogenase biosynthetic genes, respectively ( Table 1) . Out of the 30 type II PKS gene-positive strains from G. inflate, 26.7 % (12 strains) carried at least one of the three other genes. None of the strains carried all the biosynthetic genes. One strain, Streptomyces sp. SCAU5030, carried three genes (type I PKS, type II PKS and NRPS), yet it showed weak inhibitory effects on only 
À À À À À À À À À À À À À À SCAU5045 À À À À À À À À À À À À À À †* gene detected; À gene not detected. ‡ . À, no inhibition; +, inhibition zone; +++, width of inhibition zone >10 mm; ++, 5-10 mm; +, 1-5 mm. three indicator organisms. Streptomyces sp. SCAU5028 showed antimicrobial activity against all indicator organisms but S. aureus; yet it carried none of the biosynthetic genes.
For strains isolated from G. glabra, the frequencies of strains with type I PKS, type II PKS, NRPS and halogenase gene fragments matching the anticipated length were 43.8 %, 78.1 %, 6.3 % and 15.6 %, respectively (Table 2 ). In G. glabra, ten strains carried both type I PKS and type II PKS genes and six (25 %) type II PKS gene-positive strains carried either NRPS or halogenase genes (Table 2) . At least one of these four fragments was detected in five strains belonging to rare actinobacteria. Interestingly, Micromonospora sp. SCAU5121 carried three genes (type I PKS, type II PKS and NRPS), yet it showed no inhibitory effect against any indicator organism. Both the Streptomyces sp. SCAU5111 and SCAU5132 carried three genes, yet they inhibited the growth of seven and none of the indicator organisms, respectively. The strains that inhibited the growth of all the indicator organisms, Streptomyces sp. SCAU5104 and SCAU5108, carried one and two biosynthetic genes, respectively.
The type I PKS, type II PKS gene cluster KSa, NRPS and halogenase gene sequences were translated to amino acid sequences and compared with sequences retrieved from the NCBI database. Based on BLAST analysis, the amino acid sequence similarities of the KSa genes from strains isolated from G. glabra and G. inflate ranged from 80.8 to 100.0 % and from 78.0 % to 99.8 %, respectively, to NCBI database entries (Tables S3 and S4 ). The sequence similarities of the type I PKS, NRPS and halogenase genes from G. glabra to those in the NCBI database ranged from 73.6 % to 99.2 %, 75.5 % to 93.5 % and 86.4 % to 99.8 %, respectively (Tables S5-7) . The similarities of the type I PKS, NRPS and halogenase biosynthetic genes from G. inflate to NCBI database entries ranged from 79.9 % to 99.2 %, 78.5 % to 88.2 % and 88.4 % to 89.2 %, respectively (Tables S5-7) .
Phylogenetic diversity of type II PKS gene cluster KSa genes
Phylogenetic trees were generated using the type II PKS gene cluster KSa gene sequences from G. glabra and G. inflate together with reference KSa sequences. For both G. glabra and G. inflate strains, the putative KSa genes were divided into two major clades (Fig. 3) . KSa sequences from strains belonging to Streptomyces genus formed one major clade with known spore pigment production linked KSa sequences. The other major clade was further divided into clusters corresponding to KSa sequences linked to the production of different types of aromatic polyketide antibiotics.
Three and nine KSa sequences from G. glabra and G. inflate strains, respectively, formed a cluster with KSa sequences related to the biosynthesis of angucycline antibiotics (Han et al., 1994) (Fig. 3) . In the angucycline cluster, KSa sequences from six G. inflate strains, Streptomyces sp. SCAU5034, SCAU5023, SCAU5032, SCAU5025, SCAU5035 and SCAU5042 that were divided into five groups in the 16S rRNA gene tree, were closely related to KSa from S. purpeofuscus (Komaki & Harayama, 2006) , a negamycin producer, suggesting that those strains might produce negamycin (Figs 1 and 3) . In the isochromanquinone ketosynthase clusters, KSa from a G. inflate isolate Streptomyces sp. SCAU5038 and from four G. glabra strains were closest to actIORF1 involved in the biosynthesis of actinorhodin (Fern andez-Moreno et al., 1992) . The four G. glabra strains were divided into different clusters in the 16S rRNA gene phylogenic tree (Fig. 1) . The KSa sequences from Streptomyces sp. SCAU5030, SCAU5009 and SCAU5043 from G. inflate clustered in a clade with mtmP associated with the biosynthetic pathway of mithramycin (Lombó et al., 1996) . KSa sequences of Rhodococcus sp. SCAU5128 and Micromonospora sp. SCAU5121 from G. glabra showed the closest relationship with Streptomyces galilaeus AknB linked with the biosynthesis of aclacinomycins (R€ aty et al., 2002) (Fig. 3) . Based on the antimicrobial range, the isolates that carried different KSa types were not separated from each other or from the isolates that did not carry KSa (Fig. S2 ). Since KSa type did not result in any clear grouping, further statistical analysis was considered unnecessary.
DISCUSSION
The drought-resistant liquorice species are dominant herbaceous plants in the extremely dry Tarim river valley in Xinjiang, northwestern China, growing in the sandy salinealkaline soil of the area (Zhang et al., 2005) . To our knowledge, the actinobacteria closely associated with liquorice plants have not been investigated so far. In this study, we isolated Fig. 2 . Non-metric multidimensional scaling based on the Bray-Curtis distance between isolates from G. inflate and G. glabra. Bray-Curtis distances were calculated based on the presence/ absence of growth-inhibiting activity against ten indicator organisms. Only isolates that inhibited at least one indicator organism are included. culturable actinobacteria from G. glabra L. and G. inflate BAT. growing in Tarim to analyse their diversity and antimicrobial potential. As in previous studies on other plant species (Kim et al., 2012b; Li et al., 2012) , most of the actinobacterial strains isolated from the liquorice species belonged to the genus Streptomyces. The composition of the antimicrobials produced by G. glabra differs from those produced by G. inflate (Kondo et al., 2007; Xie et al., 2010) , plausibly influencing the different species compositions of the G. glabra and G. inflate associated culturable actinobacteria communities. Most of the Streptomyces species isolated from G. inflate and G. glabra, respectively, were grouped into separate clusters and represented a distinct phylogenetic branch. In addition to Streptomyces, strains representing three rare actinobacterial genera were isolated. Micromonospora and Rhodococcus strains were isolated from both liquorice species, while a Tsukamurella strain was isolated only from G. glabra. The number of genera isolated is worth noting: 12 plant species in Amazonian rainforests in Peru and 26 medicinal plant species in Panxi, China, hosted two and six actinobacterial genera, respectively 
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Actinobacteria are well known to produce secondary metabolites. The genus Streptomyces is a particularly abundant source of antibiotics (Barka et al., 2016) . Almost all the actinobacteria that produce commercial antibiotics were isolated from soil (Nelson & Levy, 2011; Raja & Prabakarana, 2011) . We isolated actinobacteria belonging to species that produce biologically active secondary metabolites. For example, Streptomyces niveus and S. humidus produce the antibiotic novobiocin and antifungal phenylacetate, respectively (Hwang et al., 2001; Kominek, 1972) . However, since the production of antibiotics is strain-specific (Hotta & Okami, 1996) , we cannot conclude if the antimicrobial activity of our S. niveus and S. humidus isolates was based on the aforementioned antibiotics. We isolated actinobacteria belonging to species that have shown antifungal activity: endophytic M. aurantiaca and rhizospheric S. luteoverticillatus include antifungal strains, and S. cyaneofuscatus has shown both in vivo and in vitro activity (Goudjal et al., 2014; Kim et al., 2012a; Zhao et al., 2012) . The different antimicrobial ranges of the S. luteoverticillatus isolates from the rhizosphere of Stellera chamaejasme L. and from G. inflate was in accordance with the strain-specificity of antimicrobial activity.
Actinobacterial endophytes of terrestrial and marine plants are considered potential sources of novel secondary metabolites (Bascom-Slack et al., 2009; Castillo et al., 2003 Castillo et al., , 2007 Liu et al., 2014; Strobel et al., 2004) . Most of the Streptomyces strains isolated in this study showed antimicrobial activity against a broad range of indicator organisms, which usually cause serious losses in agricultural production. The percentage of S. aureus-inhibiting strains was twice as high among the G. glabra isolates as among the G. inflate isolates. Contrary to our expectations, even though the cultivable actinobacteria community compositions in G. glabra and G. inflate were different, the ranges of the antimicrobial activity of the isolates were similar. One possible explanation is that among the actinobacteria, antimicrobial activity against the tested indicator organisms is widespread, thereby making the tested set of indicators not suitable for differentiating the antimicrobial ranges. Another possible explanation is that the resistance against plant antimicrobials and the selfresistance against antimicrobials produced by the strains themselves are not connected (Tsukiyama et al., 2002) .
The polyketide synthases (PKS) and non-ribosomal peptide synthetases (NRPS) produce potentially bioactive secondary metabolites (Donadio et al., 2007) . For some secondary metabolites, for example vancomycin, halogenation increases biological activity (Harris et al., 1985) . Therefore screening the PKS, NRPS and halogenase genes has been applied to estimate diversity in antimicrobial production (Ayuso-Sacido & Genilloud, 2005; Gao & Huang, 2009; Mets€ a-Ketel€ a et al., 2002 . Strains that tested positive in the biosynthetic gene screening produced secondary metabolites with novel structures and greater diversity, making the biosynthetic gene screening a valuable tool for selecting secondary metabolite producers (Baba et al., 2015; Engelhardt et al., 2010; Sun et al., 2012) . A possible caveat in relying on gene analyses or antimicrobial assays only lies in the notion that actinobacterial strains with no detectable biosynthetic genes may show, and strains carrying the genes do not necessarily show antimicrobial activity. We noticed that the antimicrobial activity range of the isolates that either carried different KSa types or did not carry KSa were similar, indicating that, in addition to KSa, other factors were involved in governing the activity of the isolates.
Compared to earlier studies using the same primers (Gao & Huang, 2009; Li et al., 2012) , the percentages of Streptomyces strains carrying type I PKS and type II PKS genes were similar whereas for NRPS and FADH 2 -dependent halogenase genes the proportion of positive strains was smaller in our study, either because the strains lacked the genes or the primers were unsuitable for the amplification of those genes.
Actinobacteria with type II PKS produce compounds that exhibit antibacterial, antitumour, antivirus and enzyme inhibitory activities (Hertweck et al., 2007; Xu, 2011) . The type II PKS KSa gene was widely distributed in strains isolated from the two liquorice species. We analysed the phylogenetic relationship between the type II PKS KSa sequences obtained in this study and the KSa sequences in the NCBI database. As in an earlier study (Komaki & Harayama, 2006) , more than half the KSa genes were related to the synthesis of aromatic antibiotics, and the rest were related to the biosynthesis of spore pigment. The biosynthetic genes of actinobacteria are transferred both vertically and horizontally (Gao & Huang, 2009; Ginolhac et al., 2005 Ginolhac et al., , 2010 . The discrepancy between 16S rRNA and KSa phylogeny suggested that the KSa genes may have been horizontally transferred. For example, four strains from G. glabra, representing the species S. variabilis, S. tendae and S. anthocyanicus, carried similar KSa genes that were related to actIORF1 associated with the biosynthetic pathway of (Fern andez-Moreno et al., 1992) , and Micromonospora sp. SCAU5121 and Rhodococcus sp. SCAU5128 carried similar KSa genes. As Micromonospora sp. SCAU5121 and Rhodococcus sp. SCAU5128 inhibited the growth of none and only one indicator organism, respectively, it may be that the Streptomyces-related KSa they carried was not functional due to the different genetic background.
To summarize, approximately 80 % of the culturable actinobacteria closely associated with G. glabra and G. 
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